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CFO 16068 US 



A CONTROL APPARATUS FOR VIBRATION WAVE ACTUATOR 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a control 
apparatus for a vibration wave actuator. 
Related Background Art 

In general, a vibration wave (or type) actuator 
includes a vibration member in which drive vibrations 
are produced and a contact member pressed against the 
vibration member, and is designed to move the vibration 
member and contact member relative to each other by 
using the drive vibrations. 

The vibration member is generally comprised of an 
elastic member and piezoelectric elements serving as 
electro -mechanical energy conversion elements. For 
example, piezoelectric elements having driving phases 
at positions with a spatial phase difference of 90° are 
arranged on the elastic member, and two-phase 
alternating signals having a phase difference of 90° 
are applied to the two driving phases, thereby 
producing travelling waves on the elastic member. The 
contact member is then pressed against the elastic 
member to obtain a driving force by a frictional force. 

Note that a friction material for obtaining a 
proper frictional force is bonded, applied, or formed 
on the contact portion between the vibration member and 
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the contact member. 

According to a conventional method of detecting 
the vibration amplitude of the vibration wave actuator, 
an electrode for vibration detection is provided for a 
5 piezoelectric element, and the value obtained by 

converting mechanical energy accompanying vibrations 
into electrical energy is used as vibration detection 
information. For example, vibration detection 
information is compared with a threshold voltage by a 
10 comparator to detect whether the voltage represented by 
the information is higher or lower than the threshold 
voltage, as disclosed in Japanese Patent Application 
S Laid-open No. 1-303074, or the information is rectified 

and converted into a DC voltage, and the voltage is 
15 A/D-converted to be detected, as disclosed in Japanese 
Patent Application Laid-Open No. 3-22870. 

In the method of detecting vibration amplitude 
disclosed in Japanese Patent Application Laid-Open No. 
1-303074, since the result obtained by comparator only 
20 makes it possible to determine whether the information 
is higher or lower than a predetermined level, in order 
to accurately know vibration amplitude, for example, a 
plurality of thresholds must be prepared to detect 
amplitude. This requires many comparators. 
25 in the method of detecting vibration amplitude 

disclosed in Japanese Patent Application Laid-Open No. 
3-22870, a driving waveform signal is rectified and 
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smoothed first, and then the resultant signal is read 
into a computer through an A/D converter. This 
requires a complicated, expensive circuit. In 
addition, since the signal is smoothed, detection 
generates a delay. 

SUMMARY OF THE INVENTION 

According to one aspect of the invention, there is 
provided a control apparatus for a vibration wave 
actuator which excites a vibration member and obtains a 
driving force by applying a frequency signal to a 
driving electro-mechanical energy conversion element 
mounted on the vibration member, comprising a driven 
state detecting unit including a monitor unit which 
outputs a waveform signal having an amplitude 
corresponding to the vibration state of the vibration 
member, a pulse width forming circuit which forms a 
pulse width signal by comparing a signal from the 
monitor unit with a threshold, and a determining 
circuit which determines the driven state in accordance 
with the pulse width, wherein a driven state (e.g., the 
amplitude of a waveform signal corresponding to the 
vibration state) is detected based on the pulse width. 

The above and other objects, features, and 
advantages of the present invention will be apparent 
from the following detailed description in conjunction 



with the accompanying drawings and the appended 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a block diagram showing the first 
embodiment ; 

Fig. 2 is a block diagram showing the second 
embodiment ; 

Fig. 3 is a timing chart for explaining the 
operation of the first embodiment; 

Fig. 4 is a timing chart for explaining the 
operation of the second embodiment; 

Fig. 5 is a graph for explaining how to obtain an 

average value; 

Fig. 6 is a graph for explaining how to obtain an 

average value; 

Figs. 7A and 7B are graphs each for explaining how 

to obtain an average value; 

Fig. 8 is a block diagram showing the third 

embodiment ; 

Fig. 9 is a perspective view showing the outer 

appearance of a vibration wave actuators- 
Fig. 10 is a view showing the electrode structure 

of a vibration member; 

Fig. 11 is a block diagram showing the fourth 

embodiment ; 

Fig. 12 is a graph showing the relationship 
between the amplitude of an output signal from an 



S -phase PZT and the pulse width of a pulse signal; 

Fig. 13 is a flow chart for explaining the 
operation of a CPU in the first embodiment; 

Fig. 14 is a flow chart for explaining the 
operation of a CPU in the second embodiment; 

Fig. 15 is a flow chart for explaining the 
operation of a CPU in the third embodiment; 

Fig. 16 is a flow chart for explaining the 
operation of a CPU in the third embodiment; and 

Fig. 17 is a graph for explaining how to calculate 
a peak value. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

(First Embodiment) 

An example of a vibration wave actuator will be 
briefly described below prior to a description of an 
embodiment. Fig. 9 is a perspective view showing an 
example of a ring -like vibration wave motor serving as 
a vibration wave actuator. A ring-like elastic member 
31 is made of an elastic material. A piezoelectric 
element 32 serves as an electro -mechanical energy 
conversion element bonded to one surface of the elastic 
member 31. The elastic member 31 and piezoelectric 
element 32 comprise a vibration member. A rotor 33 
serves as a contact member pressed against the elastic 
member 31 by a pressurizing means (not shown). A 
rotating shaft 34 is integral with the rotor 33. 



Fig. 10 shows the shape of the piezoelectric 
element 32. The piezoelectric element 32 generally has 
a thickness of 1 mm or less and a ring-like shape in 
this case. The elastic member 31 is bonded to one 
surface of the piezoelectric element 32, whereas the 
electrode on the other surface is divided into a 
plurality of electrode sections, as shown in Fig. 10. 
In this case, two-phase driving electrode sections 32-a 
and 32-b and a vibration detection electrode 32-c are 
formed. Letting \ be the wavelength of driving 
vibrations, travelling waves with, for example, a wave 
number of l~k or 8>, are produced in the elastic member 
31. 

In the two driving electrode sections 32-a and 
32-b, for example, electrode portions with different 
polarization directions in the thickness direction are 
alternately arranged at X/2 intervals. The two driving 
electrode sections 32-a and 32-b are arranged at a 
distance of X/4 from each other. The vibration 
detection electrode 32-c is an electrode section for 
vibration detection which has a length of X./2. 

In general, two-phase driving voltages having a 
phase difference of nearly 90° are applied to the 
driving electrode sections 32-a and 32-b to cause them 
to excite standing waves in the elastic member 31. By 
synthesizing these two standing waves, a travelling 
vibration wave is produced on the elastic member 31, 



thereby rotating the rotor 33 and rotating shaft 34. 
The vibrations actually produced in the vibration 
member are detected by the vibration detection 

electrode 32 -c. 

A piezoelectric element corresponding to the 
driving electrode section 32-a will be referred to as 
the A-phase PZT hereinafter; a piezoelectric element 
corresponding to the driving electrode section 32-b, 
the B-phase PZT; and a piezoelectric element 
corresponding to the vibration detection electrode 
32-c, the S-phase PZT. 

The embodiment will be described below. 
Fig. 1 is a block diagram showing the first 
embodiment of the present invention. This embodiment 
includes an A-phase PZT 1. B-phase PZT 2. and S-phase 
PZT 3 of a vibration wave actuator. These members 
correspond to the respective sections of a 
piezoelectric element bonded to one vibration wave 
actuator . 

Each of amplifying circuits 4 and 5 amplifies a 
voltage to be applied to the vibration wave actuator up 
to a voltage that generates a force large enough to 
produce vibrations. These circuits may be simple 
boosting circuits using transformers and coils. 

A CPU 12 determines the frequency and amplitude of 
an AC voltage to be applied to the vibration wave 
actuator to set the vibration amplitude of the 



vibration wave actuator to a predetermined value. A 
driving voltage generator 9 generates an AC voltage in 
accordance with a frequency command and voltage command 
from the CPU 12. A phase shifting circuit 8 is 
designed to shift the phase of the AC voltage output 
from the driving voltage generator 9 by 90» . The CPU 
12 detects vibration amplitude to control the vibration 
amplitude of the vibration wave actuator. The 
arrangement and operation of a detecting circuit will 
be described below. 

An output signal SOUT from the S-phase PZT 3 has a 
waveform corresponding to the actual vibrations of the 
vibration wave actuator. Each of comparators 6 and 7 
compares the signal SOUT with a predetermined value. 
If the signal SOUT is larger than the predetermined 
value, each comparator outputs a high-level signal; 
otherwise it outputs a low- level signal. 

The comparison voltages of the comparators 6 and 7 
are determined by resistance voltage division. As 
shown in Fig. 1, the comparison voltage of the 
comparator 6 is given by Vcc x (R2 + R3)/(R1 + R2 + 
R3). and the comparison voltage of the comparator 7 is 
given by Vcc x R3/(R1 + R2 + R3) . In this case, as 
shown in Fig. 3. the signal SOUT is a sine wave 
centered on almost 0 (output voltage is almost 0). If, 
therefore, a control voltage Vcc is a positive voltage, 
. the pulse width of an output signal SP2 from the 



comparator 7 is larger than that of an output signal 
SP1 from the comparator 6. As shown in Fig. 3, as the 
amplitude of the signal SOUT increases, the pulse 
widths of the output signals SP1 and SP2 from the 
comparators 6 and 7 increase. In addition, the pulse 
width of the output signal SP2 is larger than that of 
the output signal SP1. 

Referring to Fig. 1. pulse width detecting 
circuits 10 and 11 count the pulse widths of the output 
signals SP1 and SP2 by using predetermined count clocks 
(which generally have a frequency of 1 MHz or more; the 
operation clock of the CPU 12 may be used) . Referring 
to the timing chart of Fig. 3, the pulse width 
detecting circuits 10 and 11 respectively detect pulse 
widths PW1 and PW2 on the basis of the output signals 
SP1 and SP2 from the comparators 6 and 7. and output 

them to the CPU 12. 

The CPU 12 obtains the amplitude of the signal 
SOUT on the basis of the outputs PHI and PW2 from the 
pulse width detecting circuits 10 and 11. 

Fig. 12 is a graph showing the relationship 
between SOUT and changes in pulse width. The solid 
line represents changes in PW1. and the dashed line 
represents changes in PW2. As is obvious from Fig. 12. 
as SOUT increases, the degree of change decreases. 
Therefore, the resolution of detection of the amplitude 
of SOUT can be increased by using PW1 when SOUT is 
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large, and PW2 when SOUT is small. 

While PW1 is 0, the vibration amplitude of SOUT 

may be obtained by PW2 . When PW1 is not 0 , the 

vibration amplitude of SOUT may be obtained by FW1 . 

Alternatively, the average of vibration amplitudes 
based on PW1 and PW2 may be obtained, or coefficients 
for PW1 and PW2 may be changed in accordance with a 
table . 

Fig. 12 shows the peak value of SOUT. However, 
effective values or average values can be easily 
obtained by measuring the correspondence between them 
and pulse widths in advance. 

The operation of the CPU 12 for controlling the 
vibration amplitude of SOUT will be described below 
with reference to the flow chart of Fig. 13. 

First of all, in the driving voltage generator 9, 
a driving frequency F is set to an initial frequency 
and a driving voltage V is set to a desired starting 
voltage (SI). As a consequence, the vibration wave 
actuator starts rotating, and a small voltage amplitude 
waveform appears in SOUT. 

The comparators 6 and 7 then compare SOUT with 
predetermined thresholds. The pulse widths PW1 and PW2 
respectively detected by the pulse width detecting 
circuits 10 and 11 are input to the CPU 12. 

The CPU 12 detects the pulse widths PW1 and PW2 
(S3) after the output timing of the output signal SP2 
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from the comparator 7 is elasped (S2). 

The CPU 12 checks whether the pulse width PWl is 0 
(S4). If the pulse width PWl is 0, the CPU 12 
calculates an amplitude SAMP of SOUT from the pulse 
width PW2 (S5). The CPU 12 uses a calculation method 
obtained from a table determined with respect to the 
value of the pulse width PW2 . If the pulse width PWl 
is not 0, the amplitude of SOUT is calculated from the 
table on the basis of the pulse width PWl (S6). 

The calculated amplitude SAMP of SOUT is compared 
with a target amplitude AMPSM (S7>. If the amplitude 
SAMP of SOUT is smaller than the amplitude AMPSM, the 
driving frequency F is decreased by AF (S9, S10). If 
the amplitude of SOUT is larger than the amplitude 
AMPSM, the driving frequency F is increased by AF (S8). 
Assume that the amplitude of SOUT is smaller than the 
amplitude AMPSM. In this case, since the driving 
frequency F approaches the resonance frequency of the 
vibration wave actuator by AF, the vibration amplitude 
of the vibration wave actuator increases, resulting in 
an increase in the amplitude of SOUT. In this manner, 
the amplitude of SOUT approaches the target amplitude. 

In this embodiment, the amplitude of SOUT is 
detected by using the two comparators. Vibration 
amplitude can be obtained with higher precision by 
using more comparators. 

In the case shown in Fig. 5, comparison values CO 
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to C6 are set for comparators . The comparison values 
for the comparators may or may not be set in equal 
steps. Fig. 5 shows a substantially a sine waveform 
and a pulse waveform obtained as a result of comparison 
5 between the sine waveform and the comparison values CO 
to C6 . 

Since the sine waveform is smaller than CO, no 
pulse waveform is output. With the comparison values 
CI to C6, however, waveforms respectively having pulse 
10 widths Tl to T6 are output. 

Referring to Fig. 5, the area of a pyramidal shape 
indicated by a pulse waveform can be easily obtained 
from the sum of the products of the pulse widths and 
L the threshold steps . An approximate average value of 

| 15 the sine waveform can be obtained by dividing this area 
S by the period of the sine waveform. 

S in addition, since the driving frequency of the 

vibration wave actuator is near the resonance frequency 
of the vibration member and requires no large change, 
20 no serious problem arises even if division by the 

period of the sine waveform is omitted. Furthermore, 
if equal threshold steps are set, an average value can 
be obtained by only obtaining the sum of pulse widths. 

A correction calculation for the acquisition of 
the accurate area of a sine waveform will be further 
described below. Fig. 6 explains this operation. In 
contrast to the stepped shape in Fig. 5. the shape in 
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Fig. 6 is a stack of trapezoids and has a rectangular 
top. This makes it possible to obtain an accurate 
average value. In this case, the triangular top may be 
omitted. 

Assuming that the threshold steps are equal to 

each other and set to 1, an area S based on a 

trapezoidal calculation is expressed by 

Tl T1 + T2 + T2^^T3^ + T4^^T5^T6 + T6^7 
S - — + J - 2 2 2 2 2 

= T1 + T2 + T3 + T4 + T5+T6+-J- " l ' 

The area S without the rectangular top is 
expressed by 

T1 + T2 T2 + T3 + T3 + T4 + T±^T5 + T5^T6 + T6^T7_ 
S = — ~ + — T~~ 2~~ 2 2 2 

= 11+T2+T3 + T4 + T5+T6 + 1?- ...(2) 
2 2 

It therefore suffices if a correction term of T7/2 

or (T7 - Tl)/2 is added to the sum of pulse widths (the 

sum of Tl to T6). Since T7 corresponds to a half 

period of a sine wave, if the driving frequency is 

determined, the above calculation can be done without 

measurement . 

in the above case, the sum of pulse widths is 
calculated to obtain the area of a pyramidal shape. 
However, the present invention is not limited to this 
calculation method. For example, even if the pyramidal 
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shape is changed as shown in Figs. 7 A and 7B. the area 
remains the same. Various methods can be used to 
obtain the area depending on how the pyramidal shape is 
divided. Fig. 7 A shows a case where the beginnings of 
the respective pulses are set to the same timing. Fig. 
7B shows a case where the pyramidal shape is divided 
vertically. The area of the pyramidal shape can be 
obtained by separately calculating the areas of SI to 
S6 and obtaining the sum of the areas. Each of the 
areas of S2 to S6 can be obtained by obtaining a pulse 
width difference and multiplying it by the threshold. 

(Second Embodiment) 

Fig. 2 is a block diagram showing the second 

embodiment of the present invention. 

Referring to Fig. 2, a comparator 13 compares a 

predetermined threshold voltage VB with an AC voltage 

to be applied to an A-phase PZT 1 serving as the output 
of an amplifying circuit 4. A known exclusive OR gate 
(to be referred to as an XOR hereinafter) 14 obtains 
the exclusive OR of output signals from the comparator 
13 and a comparator 6. A phase detecting counter 15 
counts the time during which an output signal from the 
XOR 14 is at high level for a period of time 
corresponding to an integer multiple of the period of a 

driving frequency. 

It is known that an output pulse from the XOR 14 
exhibits high level for a period of time corresponding 
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to the phase difference between two input signals 
having the same frequency. This phenomenon is also 
applied to a phase lock circuit and the like. 

in this case, this phenomenon is used to obtain 
the phase difference between a voltage AOUT applied to 
the A-phase PZT 1 and a vibration detection signal 
SOUT. 

The method of detecting the amplitude of SOUT is 
the same as that in the first embodiment from the 
viewpoint of detecting pulse widths. However, in 
contrast to the first embodiment in which two pulse 
signals are obtained by using two thresholds, in the 
second embodiment. SOUT is voltage-divided by two 
voltage division ratios, and the resultant value is 
compared with one threshold. Fig. 4 shows waveforms at 
the respective portions. 

Of signals SOI and S02 obtained by 
voltage-dividing the signal SOUT, the signal S02 with a 
larger voltage division ratio is smaller. As a result 
of comparison with the same threshold by the comparator 
6 and a comparator 7. SP1 has a larger pulse width than 
SP2. 

in addition, since the voltage AOUT applied to the 
A-phase PZT 1 is sufficiently high, an output AP from 
the comparator 13 becomes a pulse with a duty of nearly 
50%. in this case. AOUT decreases in frequency with 
time (because sweeping is performed from the 
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high-frequency side to the low-frequency side in 
driving to decrease the driving frequency toward a 
target speed). As a consequence, as the driving 
frequency approaches the resonance frequency of the 
vibration wave actuator, SOUT representing a vibration 

amplitude becomes large. 

As the amplitude increases, the phase difference 

between AOUT and SOUT approaches 90« . In practice, an 

offset value is added to this phase difference 

depending on how an S-phase PZT is formed. 

As shown in Fig. 4, it is obvious from the ASP 
signal output from the XOR 14 that the pulse width 
gradually increases. The XOR 14 outputs a pulse signal 
which has a pulse width of 0 when the phase difference 
between AP and SP1 is 0« and a frequency twice the 
frequency of AOUT at a duty of 50% when the phase 

difference is 90° . 

To fix this signal to high level at a phase 
difference of 180" , it can be detected in the range 0" 
to 180' . By detecting a phase difference PH between 
AOUT and SOUT in this manner, it can be checked whether 
the vibration state of the vibration wave actuator is 
close to resonance or not. This makes it possible to 
control the driving frequency to prevent it from 
decreasing below the resonance frequency. 

Fig. 14 is a flow chart showing the operation of 

the CPU 12. 
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This embodiment is the same as the first 
embodiment from the viewpoint of controlling the 
amplitude of SOUT to a predetermined value, but differs 
in that control is performed to prevent the phase 
difference PH from becoming larger than a predetermined 

phase difference. 

First of all. a driving frequency F is set to an 
initial frequency and a driving voltage V is set to a 
desired starting voltage in the driving voltage 
generator 9 (S21). As a consequence, the vibration 
wave actuator starts rotating, and a small voltage 
amplitude waveform appears in SOUT . The comparators 6 
and 7 then compare SOUT with predetermined thresholds. 
Pulse widths PHI and PW2 respectively obtained when the 
outputs SP1 and SP2 from the comparators 6 and 7 upon 
comparison with predetermined thresholds are detected 
by pulse width detecting circuits 10 and 11 are input 
to a CPU 12. 

The CPU 12 detects the pulse widths PW1 and PW2 

(523) at the timing of the signal SP1 from the 
comparator 6 (S22) . 

The CPU 12 checks whether the pulse width PW2 is 0 

(524) . If the pulse width PW2 is 0, the CPU 12 
calculates an amplitude SAMP of SOUT from the pulse 
width PW1 (S25). The CPU 12 uses a calculation method 

„ i ; -..flp, from a table determined for 

of obtaining an amplitude trom <* 

the value of the pulse width PW1 . 
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If the pulse width PW2 is not 0. the amplitude of 
SOUT is calculated from the pulse width PW2 on the 
basis of the table (S26). In this case, the pulse 
width to be compared is set to 0. However, this pulse 
width may take a larger value. 

The amplitude SAMP of SOUT is then compared with a 
predetermined amplitude SLIM (S27). If the amplitude 
SAMP of SOUT is larger than the predetermined amplitude 
SLIM, the phase difference PH is detected and 
substituted into PHAS (S28) . If the amplitude SAMP of 
SOUT is smaller than the predetermined amplitude SLIM, 

PHAS is set to 0 . 

If PHAS has reached a predetermined phase 
difference PHLIM2 (PHLIM2 < PHLIM1) (S29) and has also 
reached a predetermined phase difference PHLIM1 (step 
S30), the driving frequency F is decreased by AF (S31). 

Otherwise, the flow returns to step S22. In step 
S29, PHAS is compared with PHLIM2 smaller than PHLIM1 . 
If PHAS is larger than this value, the loop is 
terminated without changing the set frequency F. 

If PHAS does not exceed PHLIM1 and PHLIM2 , the 
calculated amplitude SAMP of SOUT is compared with a 
target amplitude AMPS (832). If the amplitude SAMP of 
SOUT is smaller than the amplitude AMPS (S33) , the 
driving frequency F is decreased by AF (831). If the 
amplitude SAMP of SOUT is larger than the amplitude 
AMPS (S32), the driving frequency F is increased by AF 



- 19 - 



to set a frequency (S34) . 

in this case, if the amplitude SAMP of SOUT is 
smaller than the amplitude AMPS, since the driving 
frequency approaches the resonance frequency of the 
vibration wave actuator, the vibration amplitude of the 
vibration wave actuator increases. As a consequence, 
the amplitude of SOUT increases. 

in this manner, the amplitude of SOUT approaches 
the target amplitude, and the driving frequency is 
controlled so as not to excessively approach the 
resonance frequency of the vibration member. Even if 
the target amplitude AMPS of SOUT is too large, the 
driving frequency is prevented from becoming lower than 
the resonance frequency. 

in this embodiment, the amplitude of SOUT is 
obtained by using the table as in the first embodiment. 
However, another method may be used. This method will 

be described below. 

Vibration amplitude is obtained by using two 
pieces of pulse width information PW1 and PW2 . Fig. 17 
is a view for explaining this operation. In this case. 
SOUT is voltage-divided into signals SOI and S02 . 
These signals are compared with the same threshold to 
obtain the outputs SP1 and SP2 from the comparators 6 
and 7. Obviously, as in the first embodiment, the same 
pulse signals SP1 and SP2 can also be obtained by 
comparing SOUT with two different thresholds . 
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Assume that SP1 and SP2 are obtained by using two 
thresholds CI and C2 . In this case, if SOUT is 
approximated to a triangular wave, the relationship 
between the triangular wave, the pulse waveform, and 
the thresholds like that shown in Fig. 17 can be 
obtained. More specifically, if the comparator 
compares the threshold CI with the triangular wave, the 
pulse signal SP1 having the pulse width PW1 is output. 
If the comparator compares the threshold C2 with the 
triangular wave, the pulse signal SP2 having the pulse 
width PW2 is output. Obviously, letting C be the 
height of the vertex, the height can be expressed by 

PW2 {C2 -ci)+C2 ••• (3) 
PW1-PW2 

By calculating C given by equation (3), therefore, 
the amplitude of SOUT can be approximately known. To 
substitute the equation based on resistance division in 
this embodiment for equation (3), CI and C2 may be 
expressed by: 

= R4+R5+R6 xVA ..•<*) 
CX R5+R6 



C2 = R4+R5+R6 yT/a .--(5) 
R6 

In this case, since a triangular wave is assumed, 
an average value can be approximately obtained by 
dividing (1/2) C expressed by equation (3) by the 
period defined by the driving frequency. An effective 



value can be obtained by dividing (1/73)0 by the period 

defined by the driving frequency. 

(Third Embodiment) 

Fig. 8 is a block diagram showing the third 

embodiment of the present invention. 

Referring to Fig. 8, a pulse width detecting means 
16 is desired to detect the amplitude of a voltage AOUT 
applied to an A-phase PZT. The pulse width detecting 
means 16 detects the pulse width of a pulse signal 
output from a comparator 13. A CPU 12 calculates the 

amplitude of AOUT. 

One input to the comparator 13 is a predetermined 
threshold voltage VB; and the other, a signal obtained 
by resistance-dividing the signal AOUT by R4 and R5 . A 
current transformer 17 detects a current flowing into a 
B-phase PZT. An amplifier 18 amplifies an output from 
the current transformer 17. 

An output IOUT from the amplifier 18 is compared 
with a threshold voltage VA by a comparator 6 to obtain 
a pulse signal IP. A pulse width detecting means 10 
detects the pulse width of the pulse signal IP. The 
CPU 12 calculates current amplitude. 

Note that this embodiment is configured to detect 
a vibration state without using any vibration detection 
electrode of a piezoelectric element unlike the 
embodiment described above. 

Figs. 15 and 16 are flow charts showing the 
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operation of the CPU 12. The operation of the CPU 12 
will be described with reference to these flow charts. 

First of all. a driving frequency F is set to an 
initial frequency and a driving voltage V is set to a 
desired starting voltage in a driving voltage generator 
9 (S41). As a consequence, the vibration wave actuator 
starts rotating, and a small voltage amplitude waveform 
appears in the output IOUT from the amplifier 18. 

The comparator 6 then compares IOUT with a 
predetermined threshold. A pulse width PW4 detected by 
the pulse width detecting circuit 10 is input to the 
CPU 12. 

in this case, the CPU 12 detects PW4 (S42) and 
compares it with a target pulse width PWS corresponding 
to a predetermined target value of IOUT (S43) . If PW4 
is smaller (S44), the driving frequency F is decreased 
by AF (S45). If PW4 is larger, the driving frequency F 
is increased by AF (S46). 

If PW4 is smaller, since the driving frequency F 
approaches the resonance frequency of the vibration 
wave actuator, the current flowing into the vibration 
wave actuator increases, resulting in an increase in 
the amplitude of IOUT. In this manner, the amplitude 
of IOUT approaches the target amplitude. 

The CPU 12 performs another control concurrently 
with the above control. The pulse width detecting 
means 16 outputs a pulse width corresponding to the 
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amplitude of AOUT. In the first and second 
embodiments, voltages are applied to the A-phase PZT 1 
and B-phase PZT 2 through the amplifying circuits 4 and 
5. in this embodiment, however, voltages are boosted 
by transformers Tl and T2 and applied to the above 
piezoelectric elements . 

If, therefore, the driving frequency changes 
spending on the relationship in impedance between the 
transformers and the A-phase PZT 1 and B-phase PZT 2, 
the amplitude of the applied voltage changes. In order 
to eliminate such an amplitude change, the CPU 12 
calculates the amplitude of the signal AOUT from a 
pulse width PW3 detected by the pulse width detecting 
means 16. and sends a driving voltage command to the 
driving voltage generator 9. Fig. 16 is a flow chart 
showing this operation. 

Referring to the flow chart of Fig. 16. first of 
all, it is checked whether the actuator is in a driven 
state. Then, PW3 is read into the CPU 12 (S51) and is 
compared with a pulse width PWV corresponding to the 
target voltage amplitude (S52). If PW3 is larger than 
the target pulse width, a driving voltage V is 

decreased by AV (S55) . 

If PW3 is smaller than the target pulse width 
'(852. S53), the driving voltage V is increased by AV 

Thi. operation is repeated until the actuator is 
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stopped. 

By controlling the current flowing into each 
piezoelectric element of the vibration member while 
keeping a driving voltage to a predetermined value in 
this manner, the phenomenon in which an applied voltage 
rises due to the influences the transformer at the time 
of low-speed driving operation can be properly handled. 
This makes it possible to efficiently drive the 
vibration wave actuator. 
(Fourth Embodiment) 

Fig. 11 is a block diagram showing the fourth 
embodiment of the present invention. 

Referring to Fig. 11. a rotary encoder 19 detects 
the rotational position of a vibration wave actuator. 
A period counter 20 detects the frequency of a pulse 
signal output from the rotary encoder 19. 

A driver 21 drives MOSFETs Ql to Q4 . A pulse 
generating circuit 22 outputs two-phase pulse signals 
having a phase difference of 90' and a pulse width 
determined by a pulse width command from a command 
circuit (not shown) from a frequency four times higher 
than the driving frequency of the vibration wave 
actuator. A frequency divider 23 generates a pulse 
signal having a frequency four times higher than the 
driving frequency of the vibration wave actuator by 
counting CLK signals (normally having a frequency of 10 
MHz or higher) from a high-frequency oscillator such as 
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a quartz oscillator (not shown). In this embodiment, a 
programmable frequency divider (a frequency divider is 
formed by using a device that can be formed into an 
arbitrary circuit in accordance with a program) is 
used. 

A frequency limiting circuit 24 limits the driving 
frequency so as not to exceed a predetermined range. A 
subtracter 29 subtracts the period detected by the 
period counter 20 from a rotational speed command from 
a command circuit (not shown). A proportional element 
25 amplifies an output from the subtracter 29 with a 
predetermined gain. An integrating element 26 
integrates an output from the subtracter 29 at a 
predetermined timing. An adder 30 adds outputs from 
the proportional element 25 and integrating element 26. 

A subtracter 28 calculates the difference between 
the period (T/4) of a frequency four times higher than 
the driving frequency and PH signal which is the phase 
difference between a signal AOUT and a signal SOUT. 
The T/4 signal has a value corresponding to a time 
equivalent to 90° in the driving frequency. An output 
from the subtracter 28 therefore indicates the time 
difference between the time corresponding to the phase 
difference between AOUT and SOUT and the time 
corresponding to 90' in the driving frequency. 

This is one of the methods of solving the problem 
that when a phase difference is detected on the basis 
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of times, even if the same time values are detected, 
the converted phase difference differs as the driving 
frequency changes. This method can at least determine 
whether a phase difference is larger or smaller than 
90° . in practice, a phase difference limitation 
command takes a value near 90° . By obtaining the 
difference between a value to be compared and a time 
corresponding to a value near 90° , therefore, the 
precision of detection of a phase difference is 
improved . 

in addition, since the period defined by the 
driving frequency is known, a time corresponding to a 
phase difference limitation command (to be described 
later) may be directly calculated from this period, and 
the calculated time may be subtracted by the subtracter 
28. 

A phase difference comparing circuit 27 compares 
an output from the subtracter 28 with a phase 
difference limitation command from a command circuit 
(not shown). If a pulse width signal PHI corresponding 
to the amplitude of SOUT is larger than the pulse width 
limitation command from the command circuit (not 
shown), the phase difference comparing circuit 27 
detects an output from the subtracter 28 and compares 
it with the above phase difference limitation command. 
If the output value from the subtracter 28 is larger 
than the phase difference limitation command, the phase 



- 27 - 



cifference comparing circuit 27 outputs a fluency 
notation oon^and. As a consequence, the integrating 
element 26 stops integration in accordance with the 
conunand. and decreases the integrai vaiue hy AT. The 
£req uency limiting circuit 24 interrupts an input fro. 
the adder 30 and decreases the current output by AT. 
The overall operation will be described below. 
This embodiment aims at controlling the rotational 
speed of the vibration wave actuator in accordance with 
a rotational speed command from a command circuit (not 
shown) . The rotational speed command serves to set a 
value corresponding to the period of a pulse signal 
rrom the rotary encoder 19 to detect the rotation of 
the vibration wave actuator. 

The subtracter 29 compares the above rotational 
speed command with a period corresponding to the 
rrequency of an output pulse from the rotary encoder 19 
which is detected by the period counter 20. If thrs 
comparison result taKes a positive value, since the 
actual rotational speed signal represents a period, the 
periods are compared with each other. This positive 
value therefore indicates that the rotational speed 
signal (period) of the vibration wave actuator is 
rarger than the rotational speed command (period) . 
This indicates that the actual rotational speed is 
lower than the target rotational speed. 

In this case, a driving frequency is set by 
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setting a frequency division count for the progra^able 
frequency divider 23. If an output fro. the subtracter 
29 is a positive value, the frequency division count 
increases. As a consequence, the period of the output 
signai increases, and the driving frequency decreases. 
The driving frequency then approaches the resonance 
frequency of the vibration wave actuator, and the 
rotationai speed increases and approaches the target 

rotational speed. 

If an output from the subtracter 29 is a negative 
value, and the actual rotational speed is higher than 
the rotational speed command, the driving frequency 
increases, and the rotational speed decreases and 
approaches the target rotational speed. 

A driving voltage generating unit including 
components after the output of the programmable 
frequency divider 23 will be described next. 

The pulse generating circuit 22 generates 
t W o-phase pulses having a phase difference of 90* on 
the basis of a pulse signal having a frequency four 
ti^es higher than the driving frequency output from the 
frequency divider 23. The frequency four times higher 
than the driving frequency has 1/4 the period of the 
driving frequency, and hence is convenient in setting a 
phase difference of 90- . In addition, a pulse width is 
set in accordance with a pulse width command from a 
command circuit (not shown). The two-phase pulse 
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signals drive two half bridges constituted by the 
MOSFETs Ql and Q2 and the MOSFETs Q3 and Q4 to convert 
an output pulse from the pulse generating circuit 22 
into a pulse signal having an amplitude VP. 

The driver 21 generates four-phase signals for 
driving the MOSFETs Ql to Q4 from the two-phase pulse 
signals from the pulse generating circuit 22, and is 
comprised of a delay circuit for preventing the MOSFETs 
Ql and Q2 and MOSFETs Q3 and Q4 from being turned on at 
the same time, a voltage converting circuit for driving 
the MOSFETs Ql and Q3, and the like. 

The half bridges constituted by the MOSFETs Ql and 
Q2 and MOSFETs Q3 and Q4 apply AC voltages to the 
A-phase PZT 1 and B-phase PZT 2 through inductor 

elements LI and L2. 

in this case, the inductor elements LI and L2 are 
used to raise a voltage and reduce an inrush current. 
An voltage AOUT applied to the A-phase PZT 1 may become 
higher than a power supply voltage VP of each half 
bridge . 

Rotational speed control operation will be 
described in more detail next. 

The comparison result obtained by the subtracter 
29 is input to the proportional element 25 and 
integrating element 26 to perform control based on 
proportional integrating operation. The adder 30 adds 
outputs from the proportional element 25 and 
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integrating element 26. The rotational speed of the 
vibration wave actuator is then controlled by 
proportional integrating operation in accordance with 
an output from the adder 30. 

With regard to the relationship between the 
driving frequency and the proportional integration 
result obtained by the proportional element 25, 
integrating element 26. and adder 30. this result 
directly represents a period corresponding to a 
frequency four times higher than the driving frequency. 
At the time of startup, a reset signal is input from a 
command circuit (not shown) to the integrating element 
26. As a consequence, the integrating element 26 sets 
an initial frequency command corresponding to a period 
corresponding to a frequency four times higher than the 
initial frequency from the command circuit (not shown), 
in the initial state, a rotational speed command from 
the command circuit (not shown) is the maximum period 
indicating a stopped state. In addition, an output 
from the period counter 20 is saturated, and the 
rotational speed has a maximum period. An output from 
the subtracter 29 is 0. 

At the frequency at the time of startup, since 
output of the proportional element 25 is 0. the adder 
30 outputs a period corresponding to the initial 
frequency command from the command circuit (not shown) 
which is set in the integrating element 26. In this 



- 31 - 



P 10 

n 



lU 



M 

Ri 

E '"a 

re 



15 



20 



25 



case, if the pulse width command from the command 
circuit (not shown) is set to a predetermined pulse 
width, a pulse signal having a frequency equal to the 
frequency of the initial frequency command from the 
command circuit (not shown) and the predetermined pulse 
width is output from each MOSFET to the vibration wave 
actuator, and driving voltages having an amplitude 
corresponding to this pulse signal are applied to the 
A-phase PZT 1 and B-phase PZT 2. When the reset signal 
from the command circuit (not shown) is released, and 
the rotational speed command from the command circuit 
(not shown) rises, the subtracter 29 outputs a positive 
value, and the proportional element 25 outputs a 
positive value. In addition, the output from the 
integrating element 26 increases. As a consequence, 
the frequency of the driving voltages applied to the 
A-phase PZT 1 and B-phase PZT 2 decreases, and the 
vibration wave actuator starts accelerating. In this 
xnanner, the rotational speed of the vibration wave 
actuator is controlled to follow up the rotational 
speed command from the command circuit (not shown) . 

A processing circuit for the output signal SOUT 
from the S-phase PZT 3, which is a detection signal 
oased on the vibration amplitude of the vibration wave 
actuator will be described next. 

The S-phase PZT 3 generally has a small 
capacitance, and hence may be affected by noise. For 
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this reason, resistance voltage division of SOUT is 
perked by using resistors R4 and R5. and a oapacitor 
CI is connected in parallel with the resistor R5 to 
for. a low-pass filter. Therefore, noise superimposed 
on SOUT is attenuated in a signal SO. 

A comparator 6 compares the signal SO with a 
threshold voltage VA to convert the signal SO into a 
pulse signal SP. A pulse width detecting means 10 then 
aetects a pulse width signal PW1 of the pulse signal 
SP a voltage AOUT applied to the A-phase PZT 1 is 
voltage-divided by resistors R6 and R7. A comparator 
13 then compares the resultant voltage with a threshold 
voltage VB and converts it into a pulse signal AP. 

An XOR 14 calculates the exclusive OR of the pulse 
signal SP and the pulse signal AP to obtain a pulse 
signal ASP for phase detection. A phase detecting 
counter 15 detects a phase difference PH. As described 
above, the subtracter 28 then subtracts a time (T/4) 
corresponding to 90- of the driving frequency from the 
phase difference PH. The subtraction result is input 
as phase information to the phase difference comparing 
circuit 27. 

The manner in which the phase difference comparing 
circuit 27 contributes to rotational speed control will 

be described below. 

A phase difference signal cannot be used as phase 
tntormatlon unless the signals SP and AP have a pulse 
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.c c aj- For this reason, the phase 
width near a duty of 50%. For tms 

difference comparing circuit 27 performs no frequency 
iimlting operation until the pulse width signal PW1 
exceeds a pulse width limitation command from the 
command circuit (not shown,. Therefore, frequency 
iimiting operation is performed when the amplitude of 
the signal SOUT increases to a certain degree, r.e.. 
the rotational speed increases to a certain degree. 

^ the phase difference hetween the signals AP 
an d SP exceeds a predetermined value, driving freguency 
control is stopped for the following reason. If the 
fr equency of an AC voltage applied to the vibration 
wave actuator decreases helow the resonance freguency 
of the vibration wave actuator, the rotation is 
stopped. If the rotational becomes slow due to a load 
variation or the HKe. control is performed to decrease 

if a phase difference set when 
the driving frequency. If a pnas 

hinhpr than the resonance 
the driving frequency is higher tna 

frequency is set as a phase difference for control in 
advance, the driving frequency can he prevented fro. 
becoming lower than the resonance frequency hy 

ir^r av when the detected phase 
increasing the frequency by M? when tne 

difference exceeds the phase difference for control. 

That is. a phase difference limitation command 

, from the command circuit (not shown, is compared with 

an output from the subtracter 28. If the output 

exceeds the phase difference limitation command, a 
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frequency limitation command is output to make the 
integrating element 26 stop integration and decrease 
the integral value by AT. In addition, the frequency 
limiting circuit 24 stops receiving an output from the 
adder 30. and the previous output value is decreased by 
AT. As a consequence, the frequency division ratio of 
the programmable frequency divider 23 decreases, and 
the driving frequency increases. This makes it 
possible to prevent the driving frequency from becoming 
lower than the resonance frequency. 

in this manner, the rotational speed of the 
vibration wave actuator is controlled without letting 
the driving frequency become lower than the resonance 
frequency . 

in this embodiment , an AC voltage is converted 
into a pulse waveform by using a comparator. 
Obviously, however, this voltage can also be converted 
into a pulse width in the same manner by using a logic 
element for determining high level or low level with a 
predetermined voltage, such as a CMOS logic IC or 
74HC541. in this case, a rotational speed is detected 
from an output from the rotary encoder 19 and 
controlled. However, the rotary encoder 19 can also 
detect a position, and an acceleration or force can be 
obtained from information about a change in position or 
rotational speed within a predetermined period of time. 
Obviously, therefore, such values can be controlled by 



using a vibration amplitude, inflow current, and 
applied voltage upon converting them into pulse widths. 



